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HYDRAULIC RISK OP PLOOD DISASTER RBDUCTION AT DAMS

Dr. Shou-shan Fan*
I.

INTRODUCTION

Floods are major natural hazards, not totally predictable
and manageable, at least at the present time. We believe
that floods, no matter how violent, need not cause major
damage. Loss of lives can be prevented and economic
catastrophe minimized if a decision maker has accurate prior
information on major flood characteristics, such as the
magnitude and arrival time of the flood and its potential
damages.
At a water resource development, flood disaster prediction
is usually accomplished in three stages: (1) predicting
inflow design flood, (2) routing the inflow flood through
the reservoir, and (3) estimating the damages if the dam
fails. Often, disaster prediction plays an important role
in all phases-design, construction, and management of the
development.
Flood prediction involves risks and uncertainties. Although
risk and uncertainty are often used interchangeably, they
are different: risk is predictable~ uncertainty is not.
Risk is the probability of an undesirable event.
Uncertainty is the event to which risk cannot be predicted.
When we predict a flood, there is always a degree of risk.
That risk is a function of the quality of the information we
work with.
Risk and reliability are frequently used for evaluating an
event's predicability. Risk and reliability, however, are
complimentary: when risk is zero, the prediction is
reliable~ when risk becomes large, the prediction is
unreliable.
* special Assistant, Office of Hydropower Licensing, Federal
Energy Regulatory Commission, Washington, D.C.
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The risk or the uncertainty of predicting floods goes to the
heart of our project safety mission at the Federal Energy
Regulatory Commission. The Commission regulates nearly
1,000 non-Federal hydro projects with dams that have been
classified as high or significant hazard. Under the
Commission regulations, the design and operation of these
dams are all governed by the criteria of the probable
maximum flood (PMF). Many of these dams are at projects
currently in the relicensing process, or that will be in the
near future.
Unfortunately, but necessarily, predicting the PMF and its
underlying cause--the probable maximum precipitation (PMP)-is an uncertain enterprise. The uncertainty in predicting
PMP and PMF cause serious confusion among governmental
agencies and the public.
This conclusion was drawn at the 1990 workshop on PMP and
PMF, jointly sponsored by the Federal Emergency Management
Agency (FEMA), the Electric Power Research Institute, and
the Commission. This paper supports that conclusion.
This paper is based in part on a Commission staff report,
"Scientific Evaluation of Design Rainfall Studies of the
Upper Deerfield River Basin." The author prepared the
report (Fan, 1984b) when he reviewed the controversial
question of how to select the design floods for three dams
at Commission-licensed hydro projects in the basin.
controversy arose because proposed design floods were
derived by several groups--dam owners, private consultants
and federal agencies--each of which used a distinct method
and each reached quite different results. The issue was
critical because one dam was located immediately upstream of
a nuclear power plant. Further details of the study are
given later in the paper.
The author hopes the conclusions of this paper will help
reduce the uncertainty in estimating floods and remind the
public of the further research needed. He intends no
discredit to the great accomplishments of the many
scientists who have studied the flood disaster reduction.
In this paper, selected techniques for predicting flood
disaster and the uncertainty factors involved are briefly
discussed. Two case studies are included to illustrate the
serious problems of the current flood prediction practices
in the united States and elsewhere.
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II. PREDICTION OP IHPLOW DBSIGN PLOOD

Inflow design flood (IDF) is an assumed flood level for
which a project is designed. It mayor may not be the PMF.
Predicting IDF is a difficult, controversial task in
reservoir safety design. For the inflow flood derivation,
there is no straight forward procedure: it's often
accomplished by trial and error.
The procedure discussed in this paper is to balance five
criteria--hydrologic, engineering, economic, environmental,
and social (Fan, 1990). From the hydrologic and engineering
viewpoints, the dam should remain intact, with a tolerable
risk, during its design life span. Economically, the design
flood would be the flow condition that would yield the
maximum benefit and cost ratio. From an environmental and
social standpoint, one has to consider the potential hazards
of a possible dam failure.
conventionally, the flood threats can be reduced by (1)
structural measures (spillway capacity increase, flow
diversion, dike construction, and flood channel improvement)
and (2) nonstructural administrative measures (appropriate
reservoir operation and downstream flood plain management
including emergency action plans).
At present, there are three frequently used inflow design
flood prediction techniques: probable maximum flood
approach~ frequency analysis~ and peak flood envelopment.
Each method has its advantages and disadvantages.
1.

Probable Maximum Flood Approach

The PMF approach is a special case of the "flood hydrograph
approach" and is derived by applying the probable maximum
storm (PMS) to an appropriate unit hydrograph. The u.s.
Army Corps of Engineers defines the PMS as an "optimal
regional storm."
The Corps derives the storm from several
refinements: maximizing, enveloping, and averaging the known
probable maximum precipitation (PMP) values in the study
region.
The local PMP values can be obtained in several ways, by
using: (1) generalized PMP charts, developed by the National
Weather Service (NWS)~ (2) storm transposition~ (3)
statistical methods~ or (4) existing storm models. For a
small project, the PMP chart approach is quick and simple.
For large and important water developments, a site-specific
study, with a storm transposition technique, is often
necessary. In fact, the NWS's generalized charts were
developed through the use of the storm transposition. NWS
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classifies the nation into several homogeneous
meteorological regions, each with its meteorological
characteristics and special PMP charts.
Generally, storm
steps: selecting
site: maximizing
is selected from

transposition is accomplished in four major
a control storm: transposing it to project
it: and enveloping it. The control storm
the most severe, historic, tropic storms.

In selecting and transposing the storm, mountainous areas
should be avoided. More importantly, the storm center and
the watershed to which the storm is transposed, must have
the same meteorological properties. Maximizing the control
storm requires maximizing moisture and making elevation
adjustments. Enveloping is accomplished by: (1) plotting
the depth-area-duration (DAD) relationships of the adjusted
rainfalls of control storms and (2) enveloping several DAD
curves separately--each with different season, drainage area
size, and storm duration. Enveloping assumes that the storm
displays near maximum effective mechanisms for producing
rain.
The PMF approach is often called deterministic. In reality,
it is a semiempirical, because voluminous data are used in
developing the generalized charts. At present, in the
united states and throughout the world, the PMF derived from
this approach is widely used as the spillway design flood
for high hazard dams and significant hazard dams.
In engineering practice, no decision can be made without
considering some kinds of cost, benefits, or risks of
alternative courses of action. The PMF approach stresses
only the safety consideration. There are other methods that
give the weight to the factors of environmental impacts and
economics, but the Commission has not chosen to adopt them.
However, designing a dam to withstand the PMF does not
necessarily eliminate the overall risk. Because PMF
approach, like other analytical methods, is uncertain, no
one should allow any analytical method to lull them into the
illusion of absolute safety.
2.

Frequency Analysis Approach

Frequency analysis is a powerful technique for estimating
inflow design flood that maximizes the project's net
benefits because it can incorporate the factors of safety,
environment and economics into the design process. Many
countries other than the United states, use this approach to
determine spillway design flood. The major types of
frequency analysis in hydrologic applications are (1)
statistical analysis and (2) probability distribution
fitting.
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method analyzes field data without knowing
distribution. The probability distribution
the likelihood of flooding on a known
sampled data.

Using frequency analysis, one makes at least two
assumptions: (1) natural phenomena, such as flood and
rainfall, are random and amenable to statistical
interpretation and probability analysis; (2) the data used
are homogeneous in both spatial and time domains.
Frequency analysis depends on data--both the quantity and
the quality of the data are vital to the success of this
approach. When more or better data become available, the
conclusions from a prior analysis may need to be modified or
even prove to be totally wrong.
3.

Peak Flood Envelopment

The peak flood envelopment approach is accomplished by
enveloping historic peak floods for various sizes of river
basin with a smooth curve. It gives engineers a quick,
simple check on the limit of the future peak flood. with
this technique, engineers can derive an enveloping curve
that gives historical peak flood data of the corresponding
drainage area.
Like frequency analysis, peak flood envelopment analysis
depends heavily on both the amount and the quality of data.
The enveloping curve requires updating when additional data
are available.
XXX.

ImJOR UIlCERTAXIITY FACTORS J:l1

PMP AIlD

PM!' STUDXES

Hydrology is not an exact science. Uncertainty exists in
almost every step of a hydrologic related study. However,
without exception, a PMF study involves the following steps,
each with one or more element of uncertainty.
Xn determining PMP (Fan, 1984b):
1.
2.
3.
4.

Select site-specific or generalized PMP.
Select control storm.
Apply storm transposition technique--transposition
limits, maximization (moisture adjustment,
transposition adjustment)
Determine PMP values using statistical or hydrodynamic
model.

554

HYDRAULIC ENGINEERING

In deteraining PHS:

1.

Apply methods of maximization (orientation, time
sequencing, and storm pattern) and enveloping.
Apply methods and procedures for determining residual
and concurrent precipitation.
Determine orographic effects and modification factor.

2.
3.

In converting PHS to PKP:

1.
2.

Select antecedent storms.
Determine soil loss rates or initial moisture
conditions.
Establish time distribution of optimal rainfall.
Derive appropriate unit hydrograph.
Combine of floods from tributary and main stream.
Apply stream routing techniques--selection of routing
methods, channel roughness, alluvial channel, or
fixed-bed channel.

3.
4.
5.
6.

In assessing spillway capacity with reservoir routing:

1.
2.
3.
4.
5.

Assume
Select
Assume
Assume
Select

or determine inflow design floods.
reservoir routing methods.
initial reservoir conditions.
flow release during PMF.
design wind waves and freeboard.

In assessing downstream hazard with dambreaking analysis,
assUlle:

-

Initial and final dimensions of breaching
Inflow flood and reservoir conditions during breaching
Speed of the breaching
Initial conditions of the floodplain downstream before
breaching
IV.

CASB STUDIBS OF FLOOD BSTIMATION

The importance of uncertainty in flood prediction is shown
by two case studies in the United States.
In one case, a probabilistic analysis was conducted of the
annual peak floods of the Pecos River near Comstock, Texas,
for the 53-year period from 1901 through 1954. However, in
1954 the Pecos River flood was 8 to 9 times greater than the
value that the probabilistic method projected, illustrating
the shortcomings of that method.
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The second study is a PMF derivation for the northeastern
United states. In 1956, NWS estimated the PMP for 24 hours
in a 200 square-mile basin of the Deerfield River was 19.2
inches. using NWS's rainfall data and the HEC-1 computer
program, the Corps of Engineers estimated the PMF to be
248,700 cfs. In 1978, the NWS, in a study on behalf of the
Nuclear Regulatory Commission, upgraded its previous PMP to
21.5 inches, increasing the PMF to 277,500 cfs. The variety
of PMP estimates based on similar data illustrates the
uncertainty associated with predicting and managing floods.
In 1978, for the same river basin, a private utility made
different estimates: a PMP of 19.5 inches and a PMF of only
161,000 cfs. But in 1980, the utility lowered its PMP
estimate to 14.1 inches and its PMF estimate to 149,900 cfs.
At about the same time, the NWS was upgrading its 1978 PMP
estimates.
To resolve the continuing problem of varying estimates by
separate entities, the Commission required the utility
operator of the licensed project upstream of the NRC's
nuclear power plant to employ an independent Board of
Consultants. The Board conducted studies in close
consultation with the NRC, the Commission, and the utility.
Using satellite and other data not available for prior
studies, the Board developed a PMP estimate accepted by the
NWS, NRC, and the commission. The PMF was then
recalculated.
If the original NWS PMP estimate had been used, the utility
would have been required to spend as much as $20 million to
modify the dam. Based on the more sophisticated PMP
estimate developed by the Board of Consultants, all
necessary modification to ensure public safety were made for
just under $1 million--a big difference!
V.

COlfCLUSIOlfS

1.

Predictions made using different analytical approaches,
or even the same techniques applied by different
persons, can yield significantly different results.
Further studies should be conducted with the goal of
developing appropriate national guidelines.

2.

Flood disaster prediction is essential to the
development and management of our nation's water
resources. To reduce natural disasters at dams,
advanced knowledge of the nature of flood hazards and
the risk of their occurrences are essential.

3.

Flood disaster prediction techniques are dynamic,
multidimensional, and multi-disciplinary.
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4.

Common national disaster data bases should be developed.

5.

Accuracy and timing are keys to the success of disaster
prediction.
state-of-the-art technologies can improve
data monitoring and more quickly disseminate
information, thus helping to reduce disasters potential
at high hazard dams.
VI.
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